INTRODUCTION
Generating and maintaining a functional proteome is a major challenge for the cell. Defective protein folding often leads to aggregation, which is deleterious for cell viability (Hartl et al., 2011; Tyedmers et al., 2010) . Indeed, a growing number of diseases are associated with impaired protein homeostasis (Luheshi et al., 2008; Powers et al., 2009; Voisine et al., 2010) . Accordingly, cells contain an array of molecular chaperones, which facilitate protein folding and promote quality control (Hartl et al., 2011; Kramer et al., 2009; Preissler and Deuerling, 2012; Tyedmers et al., 2010) .
Folding during translation is particularly challenging for the cell. Proteins emerge vectorially from the ribosome exit tunnel and cannot fold stably until a domain is fully synthesized (Frydman, 2001 ). As a result, nascent polypeptide chains are highly susceptible to misfolding and aggregation, particularly given the extreme crowding of the cellular environment (Hartl et al., 2011; Kramer et al., 2009; Preissler and Deuerling, 2012) .
Eukaryotic and prokaryotic cells have radically different strategies to assist folding of newly translated proteins (Albanè se et al., 2006; Netzer and Hartl, 1997) . In prokaryotic cells, which have a simpler proteome and cell architecture, a single ATPindependent ribosome-bound chaperone, called trigger factor, associates with many nascent chains (Kramer et al., 2009 , Oh et al., 2011 Preissler and Deuerling, 2012) . Subsequent de novo folding is mostly posttranslational and carried out by the same ATP-dependent chaperones that protect the proteome from stress (Agashe et al., 2004; Hartl and Hayer-Hartl, 2009 ). In contrast, eukaryotes have developed a complex chaperone network that associates with translating ribosomes and facilitates de novo protein folding. These chaperones linked to protein synthesis comprise several ATP-dependent and ATP-independent factors that are not induced by stress and are coregulated with the translational apparatus (Albanè se et al., 2006) . This is probably due to the fact that eukaryotic proteins are translated with slower kinetics and comprise far more complex architectures than bacterial proteomes (Koonin et al., 2000; Wang et al., 2011) . In addition, the compartmentalization of eukaryotic cells necessitates the cotranslational translocation of many proteins into various organelles.
Hsp70 is the most prominent ribosome-associated chaperone in eukaryotic cells (Frydman, 2001; Kramer et al., 2009) . Although it was the first chaperone shown to bind to nascent polypeptides in eukaryotes (Beckmann et al., 1990) , its specificity and function in cotranslational protein homeostasis remain undefined. Experiments with model substrates indicate that Hsp70 can bind to nascent chains early in translation and facilitate their folding, translocation, or association with downstream chaperones (Frydman and Hartl, 1996; Frydman et al., 1994; Hartl and Hayer-Hartl, 2009 ).
Hsp70s are highly conserved and ubiquitous ATP-dependent chaperones implicated in various key aspects of protein homeostasis (Kampinga and Craig, 2010) . In yeast, the cytosolic Hsp70s, Ssa1-4 and Ssb1-2, execute distinct and nonoverlapping functions (Peisker et al., 2010) . The closely related isoforms Ssb1 and Ssb2 (herein termed SSB) associate with translating ribosomes and cotranslationally bind nascent chains, thus making SSB a paradigm to study cotranslationally acting Hsp70s. Like other Hsp70s, the ATPase of SSB is regulated by a J-domain protein, Zuo1, which activates ATP hydrolysis and, by a nucleotide exchange factor, the Hsp110 Sse1. Zuo1, together with the atypical Hsp70 Ssz1, forms the ribosomeassociated complex (RAC) (Peisker et al., 2010; Preissler and Deuerling, 2012) . Homologs of RAC and Sse1 exist in mammals, indicating a conserved regulation of cotranslational Hsp70s across eukaryotes. Like other cotranslationally acting Hsp70s (Thulasiraman et al., 1999) , SSB interacts with many newly synthesized polypeptides in a transient manner (Yam et al., 2005) . Cells lacking SSB are viable but exhibit a number of phenotypes such as defects in ribosome biogenesis (Albanè se et al., 2010; Koplin et al., 2010) and cellular signaling (von Plehwe et al., 2009 ). However, the physiological cotranslational substrates of SSB are unknown.
An important unanswered question is whether cotranslationally acting Hsp70s fulfill a general role in nascent chain protein homeostasis or a specialized function for a subset of nascent chains. In principle, a general association with most nascent polypeptides is possible, since Hsp70s are thought to recognize linear stretches of hydrophobic amino acids that occur in almost all unfolded protein sequences (Flynn et al., 1991; Rü diger et al., 1997) . Here, we define the function and global specificity of the ribosome-associated Hsp70 SSB and show that it is regulated by its cofactor RAC. A systems analysis of SSB-nascent chain interactions reveals a broad range of physiological substrates. Analysis of the fundamental properties distinguishing cotranslational SSB substrates suggests a preferential association with longer nascent polypeptides enriched in aggregation-prone, hydrophobic, and intrinsically disordered regions. Since these properties hinder efficient cotranslational folding, we propose that ribosome-associated Hsp70 evolved to meet the unique challenges of folding the eukaryotic proteome. Indeed, loss of SSB leads to widespread aggregation of newly made polypeptides, highlighting the critical role of Hsp70s in preventing cotranslational misfolding and downstream aggregation.
RESULTS
The Ribosome-Associated Hsp70 SSB Interacts Co-and Posttranslationally with Nascent Polypeptides To verify that SSB directly associates with nascent chains, we generated ribosomes with bound 35 S-nascent chains (RNCs)
by pulse labeling with 35 S-methionine ( 35 S-Met) and isolated them by sedimentation through a sucrose cushion that separates them from the postribosomal supernatant. Alternatively, RNCs were dissociated with EDTA prior to fractionation, releasing the nascent chains into the supernatant fraction. SSB association to ribosome-bound and to the released nascent chains was assessed by immunoprecipitation (IP) ( Figure 1A ; Figure S1A ). As expected, SSB associated with intact RNCs, as indicated by the smeared distribution of 35 S-labeled nascent chains throughout the lane ( Figure 1A , lane 2). SSB also remained associated to nascent chains after release from the ribosome into the supernatant ( Figure 1A , lane 3). Thus, the interaction between SSB and nascent chains persists even after release from the ribosome. Next, the co-and posttranslational flux of newly made nascent polypeptides through SSB was assessed by pulse-chase labeling followed by immunoprecipitation of SSB-bound 35 Slabeled newly made polypeptides (SSB IP). A large spectrum of ribosome-bound 35 S-nascent chains was SSB bound immediately after biosynthesis ( Figure 1B , left panel, t = 0) and dissociated with fast kinetics that mirror the rates of elongation; indeed, most ribosome-bound nascent chains dissociated from SSB after a 2.5 min chase ( Figure 1B , left panel). Analysis of the postribosomal supernatant indicates that a fraction of full-length proteins remains associated posttranslationally with SSB (Figure 1B, right panel) . Full-length proteins were released from SSB with different kinetics, which may reflect their distinct folding rates ( Figure 1B , graph). These results indicate that SSB associates with nascent polypeptides co-and posttranslationally; most newly made proteins are released rapidly after synthesis, but a set of polypeptides remain guided by SSB over a more prolonged time course.
Global Identification of Physiological Cotranslational
Substrates of SSB We next identified cotranslational SSB substrates using a previously described global approach (del Alamo et al., 2011) . Briefly, isolation of cotranslationally bound SSB-RNC complexes allows us to identify the chaperone-bound nascent polypeptides through analysis of the messenger RNAs (mRNAs) encoding the substrates ( Figure 1C ). Direct isolation of ribosomes via the tagged ribosomal protein Rpl16 allowed us to determine the total translational profile in these cells (herein ''Translatome''). SDS-PAGE analysis confirmed that both SSB and Rpl16 IPs specifically isolated translating ribosomes, as indicated by the characteristic pattern of associated ribosomal proteins, by immunoblotting for the ribosomal protein Rpl3 ( Figure 1D ) and by the detection of associated mRNA ( Figure S1E ). Thus, the isolation procedure recovered ribosome-associated nascent chain complexes with SSB, allowing the global identification of its cotranslational nascent substrates. RNC complexes bound to the endoplasmic reticulum (ER)-targeting signal recognition particle (SRP) were also analyzed as a specificity control. SSB-associated nascent chains were identified through their mRNAs using three independent experiments carried out as biological replicates. The experiments were highly reproducible, as underscored by their high correlation coefficient (r = 0.92) following hierarchical clustering analysis ( Figure S1F ). Comparing the SSB-bound data set to both the Translatome and the cotranslational interactome of SRP revealed clear differences in specificity between SSB and SRP as well as differences between the SSB interactome and the Translatome ( Figure 1E ). Our data indicate that SSB does not bind to every nascent chain complex, allowing us to define ''SSB-bound'' and ''non-SSBbound'' data sets ( Figure 1E ; see also Figure 4A ). Hierarchical clustering and statistical analyses identified 1,990 mRNAs enriched in the SSB data set (herein SSB-bound) (Table S1 ), representing 65% of all actively translated proteins.
The Selective Association of SSB with Newly Made Nascent Polypeptides To directly confirm the specific interaction of SSB with its identified substrates, we selected both highly and moderately translated candidates from the SSB-bound and non-SSB-bound categories ( Figure S2A ). Proteins were expressed carrying N-terminal epitope tags and their de novo interaction with SSB was determined by IP following a 2 min 35 S-Met pulse ( Figure 2A and Figure S2A ). An initial nondenaturing SSB IP revealed many labeled nascent polypeptides associated with SSB ( Figure S2A ). (A) SSB directly binds nascent polypeptides. Nascent polypeptides were pulse labeled with 35 S-methionine ( 35 S-Met). RNCs were either stabilized (Mg 2+ ) or dissociated using 25 mM EDTA (EDTA) and fractionated by centrifugation in ribosome-bound (R) and soluble (S). SSB-nascent chain interactions in each fraction were determined after Ssb2-TAP immunopurification (IP), SDS-PAGE, and autoradiography, followed by quantification of SSB-bound labeled nascent chains (mean ± SEM, n = 3).
(B) Kinetics of newly translated polypeptide flux through SSB. Nascent polypeptides were 35 S labeled and chased with cold methionine. Samples at indicated time points were processed as in (A). Quantification of SSB-bound polypeptides in ribosome and soluble fractions reflects their co-and posttranslational flux through SSB (mean ± SEM, n = 4). For totals of (A) and (B) see Figure S1 . (C) Scheme: global identification of cotranslational SSB substrates. SSB-bound RNCs and total mRNAs were isolated, reverse transcribed, and labeled for subsequent microarray analysis. (D) Top: SDS-PAGE and silver staining of IPs of TAP-tagged Rpl16, Ssb2, and untagged cells (mock). Bottom: immunoblot of ribosomal Rpl3. Ssb2-TAP IP depleted all Ssb2 from the lysate (see Figure S1D) . (E) Translation profile of SRP-bound and SSB-bound mRNAs compared to the total Translatome identified by ribosome isolation (Rpl16 Figure S1 and Table S1 .
A second IP against the N-terminal tag examined the binding of the specific 35 S-labeled candidate protein to SSB (Figure 2A ).
While all the substrates selected from the SSB-bound set were indeed associated with SSB, polypeptides corresponding to non-SSB-bound mRNAs did not associate with SSB ( Figure 2A and Figure S2A ). Pulse-chase analysis together with sequential IP further demonstrated that individual substrates flux through SSB following translation (Figure 2B for tubulin; see also Figure 3H) as expected for transient nature of chaperonesubstrates complexes. These analyses indicate that SSB directly binds the substrates identified in our global approach.
Systems-Level Analysis of SSB Specificity
We next examined the overall characteristics of SSB-associated nascent polypeptides. In contrast to SRP, which binds secretory and membrane proteins, SSB preferentially binds to cytosolic and nuclear proteins ( Figure 2C ). The overlap between SSBbound and SRP-bound nascent chains was negligible ( Figure 2C , inset; Figure 1E ). These results suggest that SSB and SRP binding to nascent polypeptides are mutually exclusive and that SSB binds to a large subset of approximately 80% of nascent chains encoding cytosolic and nuclear proteins ( Figure 2D ). Gene Ontology (GO) categories revealed a selectivity of SSB for certain substrates. Cellular processes such as aging, signal transduction, and ribosome biogenesis were enriched among SSB substrates, while proteins involved in membrane transport or mitochondria organization were depleted in the SSB data set ( Figure 2E and Figure S2B ). SSB interactors comprised many different protein folds, although some domains were enriched as indicated by GO annotations such as ATPase activity and DNA binding ( Figure S2C ).
SSB specificity was not determined by protein abundance. While abundant proteins such as metabolic enzymes (Figure S2B) do bind cotranslationally to SSB, we did not detect a strong link between SSB binding and overall protein abundance ( Figure 2F ). Importantly, this finding indicates that our approach was not biased toward enrichment of abundant, highly translated proteins (see also Figure 3B ). SSB substrates are enriched for subunits of oligomeric complexes and are engaged in a significantly higher number of protein-protein interactions than the Translatome (Figures 2G and 2H) . For instance, all subunits of the chaperonin TRiC/ CCT, the elongator complex, and most subunits of the large 26S proteasome and 40S and 60S ribosomal particles were SSB associated ( Figure 2G ). This suggests a potential role of SSB in stabilizing free subunits of oligomeric complexes, which may display a higher number of exposed contact interfaces.
Cotranslational SSB Binding Is Determined by Intrinsic Nascent Chain Properties While every polypeptide contains at least one potential Hsp70-binding site (Flynn et al., 1991) , our translation-wide analysis clearly indicates that not every polypeptide emerging from the ribosome binds to SSB. This raises the question of what determines cotranslational association with Hsp70. To test whether intrinsic properties of the translated polypeptide determine SSB association, we compared features distinguishing the SSB-bound from the non-SSB-bound data set ( Figure 3A ). Strikingly, one of the major features distinguishing SSB-bound and non-SSB-bound nascent chains was a characteristic of their mRNA. Analysis of relative translation rates revealed that the majority of SSB substrates were translated with moderate or slow translation rates compared to non-SSB-bound chains or the Translatome ( Figure 3B ). SSB-bound nascent chains also had a lower transfer RNA adaptation index (tAI) ( Figure S3A ), an orthogonal metric of translation efficiency (dos Reis et al., 2004) . Analysis of the nascent chain sequences themselves also revealed intrinsic polypeptide features that promote SSB binding. SSB substrates contain longer individual domains (Figure S3B) . For instance, the longest domain of each individual SSB-bound protein was on average significantly larger than the domains of nascent chains not bound by SSB ( Figure 3C ). Because long domains can be considered bottlenecks for structure formation, we estimated folding rates for individual domains using parameters optimized to predict folding rates of small proteins (Ouyang and Liang, 2008) . Indeed, we found that the predicted folding rates for domains of SSB substrates were lower than for domains of non-SSB substrates ( Figure S3C ). SSB substrates also tend to be longer ( Figure 3D ) and enriched in multidomain polypeptides ( Figure S3D ). However, length alone is clearly not the sole determinant since most ribosomal proteins and 20S proteasome subunits also bind to SSB, despite the fact that many are below 30 kDa. Rather, our data suggest that complexity for cotranslational structural formation determines binding to SSB. Slowly translated regions, which may spend more time unfolded on the ribosome, or domains with low cotranslational folding require SSB association for stabilization while emerging from the ribosomal tunnel.
We next examined whether physicochemical properties linked to slow cotranslational folding correlate with SSB binding. Nascent chains cannot complete tertiary folding until a domain is synthesized but can cotranslationally adopt some secondary structures. Notably, SSB-bound nascent polypeptides had a higher content of beta-sheets than the non-SSB-bound set; conversely alpha-helical propensity was reduced in the SSB substrates ( Figure 3E ). Intrinsically disordered regions (IDRs) of 30 and 50 amino acids in length were significantly enriched among SSB-bound nascent chains ( Figure S3E ). Perhaps betasheet-rich regions and IDRs delay the cotranslational formation of folded structures and thus promote SSB association. Indeed, alpha-helices can form very early during protein synthesis (Lu and Deutsch, 2005; Woolhead et al., 2004) , while beta-domains are discontinuous in sequence and thus less favored to fold cotranslationally and likely to produce aggregation-prone intermediates. These results support the idea that SSB serves to protect folding-challenged polypeptides as they emerge from the ribosome.
Hydrophobicity also exposes nonnative polypeptides to misfolding and aggregation. Notably, we did not detect any correlation between the overall hydrophobicity of the full-length protein and cotranslational binding to SSB ( Figure 3F , inset). However, short linear hydrophobic elements were significantly enriched in SSB-bound proteins. Most ($70%) SSB-bound substrates carried at least one, but often more, stretches of five or more consecutive hydrophobic amino acids. In contrast, less than 35% of the non-SSB-bound proteins had such hydrophobic (legend continued on next page) stretches ( Figure 3F ). A similar trend was also observed for longer hydrophobic linear elements of at least seven residues. These short linear stretches of hydrophobic amino acids may provide binding sites for SSB on the nascent chains. SSB substrates are also enriched in short linear sequences with high cross-beta-sheet aggregation propensity, as determined by the TANGO algorithm ( Figure 3G ) (Fernandez-Escamilla et al., 2004) . The fact that SSB-bound nascent chains were significantly enriched in linear aggregation-prone sequences suggests that these elements are important factors for SSB association.
We next chose a representative panel of substrates with different properties and examined their de novo flux through SSB using pulse-chase experiments and sequential IP (Figure 3Hi) . The SSB association kinetics diverged significantly for these substrates (Figure 3Hii ) and correlated with above-determined parameters such as the propensity to aggregate, the beta-sheet propensity, and the number of hydrophobic elements of the substrate (Figure 3Hiii ). For instance, Rpl1 and Cdc42, substrates enriched in such features, had extended SSB interaction kinetics, while Rpl23 and Pnp1, which contain weaker features, interacted more transiently with SSB ( Figure 3Hii ). These findings point to a direct correlation between sequence properties that characterize the susceptibility to misfolding and aggregation during translation and the length of association with SSB.
Intrinsic Nascent Polypeptide Properties Modulate the Strength of SSB Association
We exploited the quantitative nature of our data to distinguish among nascent polypeptides that are strongly enriched in SSB binding over the Translatome (''strongly enriched''), those unfavored for SSB binding (non-SSB-bound), and those with similar enrichment within the SSB and the Translatome sets (''enriched'') ( Figure 4A ). This analysis provided further insight into the determinants conferring cotranslational Hsp70 binding. Properties that either slow cotranslational folding or render nascent chains susceptible to inappropriate interactions and misfolded states, e.g., domain length, translation rate, or aggregation propensity, directly correlated with recruitment of SSB ( Figures 4B-4E ), suggesting that Hsp70 functions to protect vulnerable cotranslational intermediates. Similar correlations were observed for secondary structure and the presence of linear hydrophobic stretches (Figures S4B-S4D ). SSB-enriched nascent chains were also distinguished by the presence of intrinsically disordered regions ( Figure 4F ). The strongest SSB interactors correspond to lower-abundance proteins ( Figure S4E) , consistent with the previously noted evolutionary pressure to limit the abundance of more aggregation-prone proteins (Calloni et al., 2012; . However, abundant complexes such as the ribosome and the 26S proteasome contain subunits in each of these categories ( Figure 4G ). Thus, the enrichment for SSB binding is not strictly determined by size or abundance but rather by the severity of the challenges hindering cotranslational folding.
Cochaperones Regulate the Specificity of SSB We analyzed whether the cochaperones RAC and Sse1 regulate the ribosome cycle and cotranslational specificity of SSB. We first examined the association of RAC and Sse1 with SSB and ribosomes using sucrose density gradients. As reported, SSB was evenly distributed between soluble ( Figure 5B, lanes 1-3) and ribosomal fractions ( Figure 5B, lanes 4-12) (Albanè se et al., 2006; Nelson et al., 1992) . RAC and Sse1 comigrated with polysomes, albeit with different association patterns; most of RAC was ribosome associated while most of Sse1 was in the soluble fraction ( Figure 5B ). The SSB-cochaperone interactions on and off the ribosome were examined in each fraction of the gradient by IP followed by immunoblot analysis (IB) ( Figure 5B , right panel). RAC only associated with SSB in the ribosome-containing fractions suggesting that this complex regulates SSB at the ribosome ( Figure 5B , right panel, lanes 3-8). In contrast, Sse1 was predominantly associated with SSB in the soluble, nonribosome-associated fractions (Figure 5B, right panel, lanes 1-3) , indicating a posttranslational context for the Sse1-SSB interaction.
We next compared the SSB-ribosome association in wild-type (WT), DRAC (Dssz1Dzuo1), and Dsse1 cells. SSB complexes were isolated by IP and the presence of ribosomes detected by IB. Deletion of RAC, but not Sse1, impaired SSB association with ribosomes ( Figure 5C ). Pulse-chase analysis compared SSB-nascent polypeptide binding in WT and DRAC cells (Figure 5D, schematic) . The overall translation rate was not impaired in DRAC cells ( Figure S5B ), but RAC deletion significantly impaired SSB binding to nascent chains ( Figure 5D , t = 0 and graph). Thus, the cochaperones of SSB modulate its ribosome cycle: RAC acts on ribosome-associated SSB to enhance cotranslational binding to nascent chains while Sse1 binds SSB posttranslationally, following release from ribosomes.
To examine whether RAC also affects the cotranslational specificity of SSB, we identified SSB-associated nascent polypeptides in DRAC cells through their mRNAs. Consistent with decreased ribosome and nascent chain association of SSB, the IPs of SSB from DRAC cells yielded less RNA than for WT cells (not shown). Analysis of SSB-associated mRNAs in WT and DRAC cells revealed distinct patterns of enrichment, indicating that RAC does modulate SSB specificity ( Figure 5E ). While a subset of SSB-associated nascent chains was unaffected in DRAC cells, loss of RAC reduced binding to some nascent chains while enhancing SSB binding to others. Statistical comparison identified the mRNA of those SSB-bound nascent chains depleted in DRAC cells (20% of all SSB-bound, ''depleted (E) SSB substrates are enriched in key cytoplasmic regulatory functions, but not in membrane proteins (Aging n = 68; Cell-cycle n = 533; sign. transd., n = 224; rib. biog., n = 406; mem. transp., n = 187), plotted as fraction of the data sets (%). (B-G) Analysis of intrinsic properties of the SSB substrates compared to those in the non-SSB-bound data set. The Translatome serves as reference. Only protein properties of cytosolic and nuclear localized proteins are shown since they represent the majority of SSB-bound substrates and they undergo maturation in the cellular compartment where SSB is localized. However, the conclusions were generally applicable for all SSB substrates. SSB substrates were found to differ significantly from non-SSB-bound nascent polypeptides for the indicated properties (B-G). (H) Association kinetics of SSB with substrates correlates with intensities of substrate properties.
(legend continued on next page)
in DRAC,'' light green) and those enriched in DRAC cells (33% of all SSB-bound, ''enriched in DRAC,'' dark green). Analysis of the properties of these subsets indicated that loss of RAC relaxes the specificity of SSB binding. For instance, cytosolic proteins were lost from SSB binding in DRAC cells, while nuclear, mitochondrial, and membrane proteins were SSB enriched (see Figure 5F for SSB-depleted and -enriched subpopulations and Figure S5C for all SSB-bound messages). Loss of RAC reduced the fraction of SSB-bound nascent polypeptides with longer sequences ( Figure 5G and Figure S5D ) and decreased the enrichment in hydrophobic elements ( Figure 5H and Figure S5E) , as well as in regions with higher aggregation propensity (Hi) N-terminally tagged substrates were 35 S-Met pulse labeled and chased for the indicated times. SSB-bound, labeled substrates were isolated by SSB-IP and enrichment was performed through a 2 nd IP for the tag.
(Hii) SDS-PAGE and autoradiography show SSB-bound 35 S-labeled substrates; flux through SSB was measured by quantification (mean ± SEM, n = 3).
(Hiii) Heat map represents the intensities of intrinsic sequence features. *p % 0.01; **p % 10 À4 ; ***p % 10
À10
. See also Figure S3 . 
Figure 4. Nascent Chain Properties Modulate the Strength of SSB Association
(A) The degree of enrichment of SSB substrates over the Translatome was determined by statistical analysis comparing the enrichment of each mRNA in the RNC of SSB-bound to the Translatome. mRNAs with positive enrichment scores were termed ''strongly enriched'' (dark blue), mRNAs with negative scores were termed ''non-SSB-bound'' (gray), and equally enriched mRNAs in both data sets were classified ''enriched'' (light blue). (B-F) SSB substrate properties were compared to those of the non-SSB-bound set. The Translatome serves as reference. As in Figure 3 , only protein properties of cytosolic and nuclear proteins are shown. (G) Small and rapidly translated subunits of abundant complexes contain SSB-bound, enriched, and not bound subunits. *p % 0.01; **p % 10 À4 ; ***p % 10 À10 ; n.s. denotes not significant. See also Figure S4. ( Figure 5I and Figure S5F ). These experiments uncover the complex modulation of cotranslational Hsp70 specificity by its cochaperone RAC.
SSB Maintains Solubility of Aggregation-Prone Nascent Polypeptides
We next tested whether SSB prevents misfolding and aggregation of polypeptides as they emerge from the ribosome by comparing the presence of protein aggregates in WT and DSSB (Dssb1/2) cells. Loss of SSB led to widespread protein aggregation ( Figure 6B , lane 6) absent from WT cells ( Figure 6B , lane 5). Expression of only Ssb1 or Ssb2 alone sufficed to prevent formation of insoluble aggregates, indicating their close functional overlap ( Figure S6A ). Deletion of RAC and Sse1 had distinct effects on protein aggregation. Loss of RAC led to intensities and patterns of aggregated proteins similar to those caused by loss of SSB, consistent with the reduced binding of aggregation-prone nascent chains to SSB in DRAC cells. The absence of Sse1 caused insolubility of proteins of mostly higher molecular weight ( Figure 6B, lanes 6-8) .
Among the aggregates in DSSB were many ribosomal proteins ( Figure S6B ), as previously described (Koplin et al., 2010) , consistent with our finding that many ribosomal proteins are cotranslational substrates of SSB. Pulse-chase analysis indicated Spulse-chase analysis as in Figure 1B (scheme left). Autoradiography (middle) and quantification of SSB-bound radiolabeled nascent chains are as indicated by the dotted line (right panel). Time = 0 values were adjusted over totals ( Figure S5B ) and plotted relative to WT (mean ± SEM, n = 3). (E) RAC modulates the cotranslational specificity of SSB. A hierarchically clustered heat map of SSB-bound mRNAs in WT and DRAC cells is shown (column = average of three experiments; row = single genes). Enriched SSB-bound mRNAs are in yellow and blue displays depleted mRNAs. Pearson correlation coefficients between experiments are indicated at the bottom of the tree. (F-I) Comparison of cotranslational substrate properties that are depleted or enriched for SSB binding in DRAC. Statistical analysis determined SSB substrates less enriched or lost in DRAC cells (''depleted in DRAC,'' light green) and those enriched in SSB binding in DRAC cells (''enriched in DRAC,'' dark green). Importantly, enrichment or depletion for SSB binding in DRAC cells was not due to up-or downregulation of mRNAs on a transcriptional level. *p % 0.01; **p % 10 À4 ; ***p % 10 À10 ; n.s. denotes not significant. See also Figure S5 and Table S2 .
that loss of SSB causes early aggregation of de novo translated polypeptides. Nascent chains were labeled for 2 min with 35 SMet in WT or DSSB cells, and aggregates were isolated at various time points during the chase ( Figure 6C ). Strikingly, a large fraction of nascent polypeptides aggregated in DSSB cells at the earliest time points examined, indicating that the lack of SSB leads to very rapid and early aggregation of polypeptides emerging from the ribosome. The production of insoluble misfolded polypeptides in DSSB cells was further supported by the high degree of ubiquitylation of the aggregates ( Figure 6D ), which indicates that these misfolded proteins were targeted by the ubiquitin-proteasome pathway.
Mass-spectrometry identification of aggregates in DSSB cells revealed significant overlap between proteins aggregated in DSSB cells and cotranslational SSB substrates ( Figure S6C ). It appears that a subset of SSB substrates aggregates in the absence of this chaperone, since aggregates in DSSB showed the same characteristics as cotranslational SSB substrates (Figure S6D) , including enrichment in short hydrophobic elements ( Figure 6F ), regions of local disorder ( Figure 6G ), and increased length ( Figure S6E ) and slower translation rates ( Figure S6F ). Polypeptides aggregated in DSSB cells are also enriched in predicted aggregation-prone sequences ( Figure S6G) . Thus, the absence of SSB severely affects the solubility of SSB substrates. (H) Distinct enrichment of protein-protein interactions in protein aggregates of DSSB cells. *p % 0.01; **p % 10 À4 ; ***p % 10 À10 . See also Figure S6 and Table S3 .
We noted that proteins aggregated in DSSB cells have more interaction partners than the SSB-bound and Translatome data sets ( Figure 6H ). This provides a plausible rationale for their enhanced insolubility and suggests that a combination of aggregation propensity, length, and the exposure of protein interaction interfaces results in enhanced aggregation of newly made proteins in the absence of SSB.
The DSSB aggregates contained a higher fraction of essential proteins than cotranslational SSB substrates ( Figure S6H ). We estimated that $5% of newly translated polypeptides in DSSB cells are found in aggregates. Given the stringency of our aggregate purification procedure, this is probably an underestimate of the fraction of misfolded or aggregated polypeptides in DSSB cells. We propose that loss of biosynthetic capacity, reduction in the levels of essential proteins, and accumulation of misfolded proteins contribute to the slow-growth phenotype DSSB cells.
The proteins aggregated in the absence of RAC and Sse1 were also analyzed. Consistent with the patterns of insoluble proteins between DSSB, DRAC, and Dsse1 cells ( Figure 6B ), most DRAC aggregates overlapped with the DSSB data set (94% overlap; Figure S6I , upper panel), while aggregates in Dsse1 overlapped to a smaller extent (58% overlap, Figure S6I , lower panel). These data support the idea that RAC closely regulates the cotranslational action of SSB while Sse1 acts on SSB posttranslationally with additional functions regulating other cytosolic Hsp70s.
DISCUSSION
Although eukaryotic Hsp70 was first shown to associate with translating ribosomes over 20 years ago (Beckmann et al., 1990; Nelson et al., 1992) , the function and specificity of this interaction remained undefined. Here we establish the underlying principles governing the cotranslational role of Hsp70 in maintaining the eukaryotic protein homeostasis. Our analysis finds a remarkable correspondence between the cotranslational requirement for Hsp70 and biophysical and chemical polypeptide properties associated with reduced folding and enhanced aggregation O'Brien et al., 2012) .
Role of Hsp70 SSB within the Cotranslational Chaperone Network
The Hsp70 SSB associates with approximately 70% of newly translated polypeptides in the yeast cell, with a strong enrichment observed for approximately 45% of nascent polypeptides. The cotranslational SSB interactome included many polypeptides encoding subunits of oligomeric complexes, such as TRiC, the 26S proteasome, the ribosome, and the exosome (Figure 2G ). In addition, many ribosome biogenesis factors, kinases, such as the glucose-sensing kinase Snf1, and carbohydrate metabolism proteins cotranslationally associate with SSB. Our findings may thus explain the plurality of previously unrelated phenotypes observed for DSSB cells, which ranged from ribosome biogenesis defects (Albanè se et al., 2010; Koplin et al., 2010) to altered metabolic sensing and signaling (von Plehwe et al., 2009) .
Our data provide intriguing insights into the division of labor and the selectivity among the cotranslationally acting chaperones and factors (Preissler and Deuerling, 2012) . SSB binds preferentially to nascent chains of nuclear and cytosolic proteins, while the different isoforms of the nascent polypeptide-associated complex (NAC) bind to virtually all nascent chains, including mitochondrial and secretory proteins (del Alamo et al., 2011) . Notably, the cotranslational binding to SSB and the ER-delivery factor SRP appear to be mutually exclusive, unlike what is observed for NAC, thus suggesting an early sorting mechanism of these factors for nascent chains at the ribosomes ( Figure 7A ). A few SSB-bound nascent chains localize to the ER or the membrane; these may correspond to SRP-independent substrates (Plath and Rapoport, 2000) or to membrane proteins with cytosolic domains. Interestingly, many SSB-bound nascent chains encode proteins known to also require the assistance of additional chaperones, such as TRiC for tubulin and Hsp90 for kinases, for completion of folding. Perhaps SSB provides a more general, early acting chaperone function upstream of these more specialized chaperone systems ( Figure 7A) .
A cochaperone network regulates the SSB ribosome cycle and substrate specificity. The interaction of SSB with its cochaperone network is spatially segregated with respect to the ribosome ( Figure 5 ). RAC appears to stabilize the SSB interaction with ribosomes while Sse1 interacts mostly posttranslationally with SSB ( Figure 5B ). RAC contributes to, but is not essential for, substrate binding to SSB. However, deletion of RAC relaxes the specificity of SSB. The enhanced association of SSB with a different set of polypeptides in DRAC cells could be due to their slower cotranslational maturation in the absence of RAC. RAC and Sse1 are conserved in mammalian cells, suggesting that their role is conserved across eukaryotes (Peisker et al., 2010) .
Underlying Principles of Cotranslational Hsp70
Recruitment Analysis of the properties of SSB-bound nascent polypeptides gave insight into the underlying principles determining cotranslational Hsp70 association. SSB specificity appears strongly modulated by the cotranslational context and enhanced among polypeptides with slower translation rates ( Figure 3B ), as well as those enriched in a set of intrinsic features in the nascent chains themselves. SSB binding correlated with both the domain length and the number of domains in the translating polypeptide, in good agreement with theoretical considerations highlighting domain length as a limit and constraint for foldability of proteins in the cell (Lin and Zewail, 2012; O'Brien et al., 2012) . SSB substrates were also enriched in beta-sheet regions and long, intrinsically disordered stretches. These sequence elements hinder the cotranslational formation of folded structures and may thus require Hsp70 stabilization. We also found a striking enrichment in short hydrophobic sequence stretches that promote aggregation ( Figure 3F ). Based on the known specificity of Hsp70 substrate-binding domains for linear hydrophobic stretches (Flynn et al., 1991; Rü diger et al., 1997) , it is likely that these motifs are directly recognized by Hsp70 in the context of a ribosome-bound unstructured or partially folded domain. Taken together, our data indicate that SSB association is tailored to protect polypeptides whose length or complex architecture challenges cotranslational folding and thereby leads to prolonged exposure of partially unfolded domains during synthesis ( Figure 7B ).
Cotranslational Function of Hsp70s in the Cellular Folding Landscape
The coordinated cotranslational folding and assembly of large architectures is a highly challenging process (Duncan and Mata, 2011) . The presence of exposed hydrophobic protein interfaces makes the unassembled subunits very sensitive to aggregation and thus requires continued protection by a chaperone until full complex assembly ( Figures 7B and 7C) . We find that SSB plays a key role in preventing aggregation during trans- lation ( Figure 7C ). Our data suggest that newly made proteins with extensive protein-protein interactions may be particularly prone to aggregation. The extensive misfolding and insolubility of newly translated polypeptides in DSSB cells probably contributes to their slow-growth phenotype, even though other cytosolic Hsp70s and/or NAC can partially substitute for SSB (Koplin et al., 2010; Yam et al., 2005) .
The avoidance of aggregation has been proposed as a major driving force in the evolutionary design of naturally occurring proteins (Dobson, 2003) . The remarkable enrichment in highly aggregation-prone linear stretches within the cotranslational SSB interactome suggests that Hsp70s evolved to recognize these short, linear aggregation-prone sequence stretches as they emerge from the ribosome. Hsp70 specificity may be the cellular response to the inevitable presence of aggregation-prone regions in complex proteins, which may be buried within the folded structure but are exposed during translation.
Our study uncovers the contribution of cotranslational Hsp70s to overall folding of the eukaryotic proteome. Eukaryotes support extensive cotranslational domain folding and even assembly (Duncan and Mata, 2011; Frydman et al., 1994; Netzer and Hartl, 1997) , unlike bacteria, which shift the folding process toward a posttranslational route (Agashe et al., 2004) . This probably reflects the increased complexity of the eukaryotic proteome, which consists of longer, more complex proteins with a higher incidence of intrinsically unstructured regions (Koonin et al., 2000; Wang et al., 2011) . The cotranslational association of eukaryotic Hsp70 evolved to meet these challenges by protecting nascent chains encoding proteins of a complex structural nature, thereby preventing unfavorable intra-and interchain contacts leading to aggregation. The specificity and cotranslational action of Hsp70s appear fundamentally suited to the evolution of long and complex proteins in the eukaryotic proteome.
EXPERIMENTAL PROCEDURES Yeast Strains and Plasmids
Yeast strains were from Winzeler et al. (1999) or created by mating and sporulation. Chromosomal, integrations of Rpl16-TAP and Ssb2-TAP were obtained from Open Biosystems or by integrating Ssb2-TAP at the endogenous locus. N-terminally tagged Ssb2 was from Albanè se et al. (2006) . Open reading frames (ORFs) of candidate substrates were expressed from GPD promoter except HA-Tub2, which was expressed from galactose-inducible promoter. For a detailed description see Extended Experimental Procedures.
Biochemical Procedures
Affinity purifications and microarray analysis were as described in del Alamo et al. (2011); sucrose density fractionation was as in Albanè se et al. (2010) and 35 S-methionine pulse labeling was as in Yam et al. (2005) . For IPs from
RNCs and supernatant fractions, cells were lysed in buffer A (50 mM HEPES-KOH [pH 7.5], 140 mM KCl, 10 mM MgCl 2 , 0.1% NP-40, 0.1 mg/ml CHX, 0.5 mM DTT, and protease inhibitor). Precleared lysates were fractionated in supernatant and ribosomal pellets by centrifugation through a 25% sucrose cushion in buffer A for 20 min at 200,000 3 g. SSB-associated nascent chains were immunopurified as in del Alamo et al. (2011) .
Aggregates were isolated as in Koplin et al. (2010) . For pulse-chase experiments followed by aggregate isolation, cells were starved for 30 min in medium without methionine. Cells were pulse labeled for 2 min with 100 mCi/ml 35 S-methionine and chased with 20 mM cold methionine. At indicated time points, aggregates were isolated as in Koplin et al. (2010) . Mass-spectrometry analysis was as described in Sephton et al. (2011) .
Bioinformatic Analysis
Microarray data were analyzed using the SAM algorithm (Tusher et al., 2001) , which statistically tests for differences in gene expression by gene-specific t tests. SSB-bound substrates were defined as polypeptides whose encoding mRNAs were significantly enriched in the SSB-IP over the total cellular mRNAs at a false discovery rate (FDR) of 0.05. Similar criteria were applied to the Translatome (Rpl16-IP) and SRP substrates (Srp54-IP). The degree of enrichment of SSB substrates over the Translatome was determined by a ''two-class unpaired'' SAM with an FDR = 1. Relative enrichment of SSB-substrates between data sets obtained in WT and DRAC cells was done accordingly.
GO annotations, as well as the composition of macromolecular complexes, protein sequence length, and numbers of protein-protein interactions, were retrieved from the Saccharomyces Genome Database (www.yeastgenome. org). Relative translation rates were from Arava et al. (2003) and the tAI from dos Reis et al. (2004) . Sequence hydrophobicity profiles were computed from the Kyte & Doolittle scale (Kyte and Doolittle, 1982) . Protein disorder was predicted with the Disopred program (Ward et al., 2004) . Secondary structure propensity scales were taken from Delé age and Roux (1987) , the organization of protein domains was taken from Malmströ m et al. (2007) , and protein aggregation propensities were taken from the TANGO algorithm (FernandezEscamilla et al., 2004) . All statistical analyses were performed in R (www. r-project.org). Bar plots represent the relative fraction of a data set. Box plots graph the median (solid line), 25% and 75% quartiles, and 1.5 3 x the interquartile range (dashed lines). Statistical significance for categorical variables is based on a Fisher test (column graphs) and Wilcoxon test (box plots).
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